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Abstract 4 
Reinforced concrete panels and slabs are commonly used in industrial, military and high-5 
security facilities for protective purposes. These structural members are designed against 6 
accidental events such as fire, blast and impact loading. This paper focuses on localised hard 7 
impacts such as falling objects or debris in which the kinematic energy of the impactor is 8 
entirely absorbed by the deformation of the struck body. It is well known that the structural 9 
behaviour in such cases is highly non-linear and therefore the structural assessment is often 10 
carried out by means of complex numerical models. The accuracy of such numerical tools in 11 
predicting the type of failure can be questionable unless the models have been rigorously 12 
validated beforehand. This paper presents the numerical predictions (non-linear FE using 13 
solid elements) of existing slab tests subjected to drop objects and a comparison with 14 
analytical predictions using a dynamic punching model developed at University of Surrey. 15 
The results obtained numerically and analytically are consistent with the experimental data. 16 
In addition, a combined analytical/numerical approach using dynamic punching formulas and 17 
simplified FE (shell elements) is shown to provide consistent predictions of punching 18 
failures. This combined approach, which is suitable for design purposes, offers a good 19 
compromise in terms of ease of application and level of simplification needed in the dynamic 20 
models.  21 
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1. Introduction 1 
Direct impact loading on structures could result due to vehicle impact, falling debris in 2 
accidental events in industrial facilities, commercial buildings or during construction of large 3 
infrastructure. Impact loading could also result from missile attacks on military installations 4 
or malevolent acts by individuals or terrorist groups. The response of reinforced concrete 5 
(RC) plates under impact loading is significantly different to quasi-static behaviour. These 6 
differences in structural response include changes in the mode of failure from flexural failure 7 
to punching shear failure with an associated increase in strength and reduction of deformation 8 
capacity (i.e. brittle failure). Inertial effects are primarily responsible for these changes and 9 
though material strain-rate effects can develop for high loading rates, their influence on the 10 
slab response tends to be less significant [1]. The global response of RC plates after impact 11 
includes slab deformations leading to membrane forces, direct shear, moments and concrete 12 
cracking. Locally, the response can include various forms of local damage such as scabbing, 13 
spalling, penetration, perforation and development of punching shear cone (Figure 1). 14 
 15 
Figure 1: Possible local damages in RC plates under drop weight impact (a) penetration, (b) 16 
perforation, (c) punching shear cone. 17 
This paper focuses on punching shear cases due to localized impact loading. Theoretical 18 
hybrid models which consider local and global effects have been developed in the past [1] 19 
and [2]. This paper shows that such models can be applied in combination with numerical 20 
approaches such as non-linear explicit Finite Element Analysis. 21 
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2. Existing experimental data on impact loading of RC slabs 1 
The response of RC slabs to drop weight impact has been investigated in the past by several 2 
researchers. Most of this work focused on the nature and extent of local deformations and 3 
only in some tests the global response was also examined. Two test series were considered in 4 
this work; viz. work carried out by Chen & May [3] and Hrynyk & Vecchio [4]. These tests 5 
were highly instrumented, the impactor had a flat surface and the boundary conditions were 6 
well known and therefore the interpretation of the results was not problematic. 7 
Tests conducted by Chen & May [3] focused on obtaining transient accelerations, transient 8 
reinforcement strains and local damage. They tested a total of six slab specimens [3]; slab 9 
No. 3 was included in this study which consisted of an impactor with a 100mm diameter 10 
made of mild steel. The impactor mass was 98.7kg with an impact velocity of 6.5m/s. Slab 11 
No. 3 was a solid concrete slab 760mm square with an overall depth of 76mm. The slab had 12 
reinforcement in both orthogonal directions at the top and bottom with 6mm diameter rebar 13 
and it was clamped at its four corners. Material and slab geometric characteristics are as 14 
shown in Table 1 and Figure 2. A detailed description of the test setup, material properties 15 
and specimen characteristics for slab No. 3 is provided elsewhere [3].  16 
Hrynyk & Vecchio [4] investigated the behaviour of RC and steel fibre reinforced concrete 17 
slabs subjected to high-mass, low-velocity impacts.  They tested seven specimens including 18 
three which were made using reinforced concrete (tests TH2, TH6 and TH7). These tests 19 
were 1800mm square with overall depth of 130mm. They were also doubly reinforced with 20 
equal amount of reinforcement at the top and bottom. Reinforcing steel used included #3 mild 21 
bars having nominal diameters of 9.5mm and 10M bars with nominal diameter of 11.3mm. 22 
Material properties as well as relevant reinforcement details for specimen are as shown in 23 
Table 1.  All slab specimens were supported on four points, close to the corners of the slab 24 
specimens. Each point was at a distance 145mm from the end of each side. Supports 25 
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restrained slab specimens against positive and negative vertical translations. Corners of slabs 1 
were allowed to rotate freely and lateral restraints were varied over the supports of each slab.  2 
Impactor comprised of a 300mm square hollow structural section member, filled with 3 
concrete. A drop height of 3.26m was adopted giving a nominal impact velocity of 8.0m/s. 4 
Tests on each slab consisted of 10 impact events with mass levels ranging from 150kg to 5 
300kg to look at the effect of residual damage on slab behaviour. In this work, only the first 6 
impact event (150kg mass) was considered. Material and slab geometric characteristics are as 7 
shown in Table 1 and Figure 1. A detailed description of test setup, material properties and 8 
specimen characteristics is given in [4]. 9 
 10 
Figure 2: Slab tests characteristics (after [3] and [4]) 11 
 12 
 13 
Table 1: Specimen and material details 
Slab Specimen f’c 
(MPa) 
Ecs 
(GPa) 
fy 
(MPa) 
fu 
(MPa) 
Es 
(GPa) 
 
% 
Reinforcing 
bar/ spacing 
(mm) 
Slab No. 3 [3] 60.0    - 560 600 210 0.60 Y6/ 60 
TH2 [4] 69.4 36.8 489 597 193 0.42 #3/ 130 
TH6 [4] 59.0 32.0 489 597 193 0.27 #3/ 200 
TH7 [4] 60.3 34.6 439 564 201 0.59 10M/ 130 
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3. Numerical modelling using solid finite elements 1 
Dynamic explicit non-linear FE analyses were carried out of slabs in the TH series as well as 2 
of slab No.3 using software package LS-DYNA. Eight-node hexahedron solid elements were 3 
used with an aspect ratio of 1. For slabs TH2, TH6 and TH7 a mesh size of 20mm was used 4 
for both solid (for concrete) and beam (for reinforcement) elements. Slab No. 3 was modelled 5 
with a mesh size of 10mm. Beam elements were embedded into the solid elements using the 6 
keyword *CONSTRAINED_LAGRANGE_IN_SOLID. Boundary conditions for all slabs 7 
were modelled explicitly. Though no information on the perimeter steel clamping mechanism 8 
for the slab No. 3 was provided in [3], typical steel material properties were assumed as well 9 
as a plate thickness of 20mm. 10 
Amongst the various constitutive material models available, the Winfrith concrete model 11 
(*MAT_WINFRITH_ CONCRETE) was used since it has been found to give reliable 12 
estimates of the dynamic response of concrete components under impact (e.g. [5] and [6]). 13 
The Winfrith concrete material model on LS-DYNA is a plasticity-based model capable of 14 
treating triaxial compression and extension, strain softening in tension, material strain-rate 15 
effects and concrete cracking. In addition, local damage in the concrete  such as spalling was 16 
modelled by deleting elements that had lost all strength and stiffness; function 17 
*MAT_ADD_EROSION in LS-DYNA was used for this which also prevents mesh tangling 18 
and random shooting of nodes. The reinforcement steel was modelled using a plasticity-based 19 
model (*MAT_PLASTIC_ KINEMATIC). For simplicity, impactors were modelled as two 20 
parts, namely the contact surface part and the mass part. The sum of the masses of both parts 21 
was equal to the total mass of the impactor. Contact surfaces were modelled based on 22 
material and geometric properties described by Hrynyk & Vecchio [4] and Chen & May [3]. 23 
 24 
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3.1. Validation of numerical models with experimental data 1 
No scabbing and very limited penetrations were observed in slabs TH2, TH6 and TH7 after 2 
the test. No punching shear failure was observed in slabs of the TH test series. However, 3 
residual mid-point displacements after first impact were recorded; the values of 0.0027m, 4 
0.0062m and 0.0026m were reported for TH2, TH6 and TH7 respectively as shown in Figure 5 
3. TH2 was reported to have no mass penetration after impact but developed some localized 6 
concrete spalling within the impact region on the top of the slab. TH6 was reported to have 7 
developed localized penetration within the impact region measuring about 0.003mm. The 8 
case was however different in slab No. 3 where significant penetration and scabbing was 9 
reported (no spalling); no information was available on the mid-point displacement. The 10 
diameter of the penetration and scabbing zone are as shown in Figure 4. 11 
Numerical simulations gave fairly good predictions of mid-point displacements as shown in 12 
Figure 3. Peak mid-point displacement obtained experimentally for slab TH2 was 0.0132m 13 
which compares well with 0.0114m obtained numerically. Generally, differences of around 14 
15-20% in peak mid-point displacements were obtained for slabs of the TH series. FE 15 
simulations also showed that slabs TH2, TH6 and TH7 did not fail in punching as observed 16 
experimentally. Local penetrations and spalling were predicted by the FE models around the 17 
impact regions which is consistent with damage reported by Hrynyk & Vecchio [4]. Figure 4 18 
shows that the FE model using solid elements captured punching correctly; the numerical 19 
predictions also showed some local spalling of the concrete around the impact region. Figure 20 
5 shows that fracture of some top reinforcement bars was predicted numerically which was 21 
consistent with experimental observation.   22 
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(a)  (b)  (c)  1 
Figure 3: Comparison of experimental [4] and FE predictions (using solid elements) of mid-2 
point displacements (a) TH2, (b) TH6, (c) TH7. 3 
(a)       (b)   4 
      (c)       (d)   5 
Figure 4: Local damage on slab No.3 (a) top face (after [3]), (b) top face (FE), (c) bottom 6 
face (after [3]), (d) bottom face (FE). 7 
   8 
Figure 5: Fracture of top reinforcement (FE) in slab No. 3. 9 
 10 
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The assessment of impact force, total reaction force and inertial force are as shown in Figure 1 
6. The impact force was obtained numerically as the product of the impactor mass by the 2 
rigid body acceleration, whereas the total reaction force was obtained directly from the FE 3 
analysis. The total inertial force was obtained as the product of slab mass by its rigid body 4 
acceleration. The dynamic balance between these three parameters can be observed in Figure 5 
6. For the first 0.003s (contact phase) the dynamic reactions were zero and the impact force 6 
was fully balanced by the inertial forces. The impact force reduced at the end of the contact 7 
stage; inertial forces developed during the free vibration phase were equilibrated by reaction 8 
forces. 9 
 10 
Figure 6: Dynamic equilibrium in slab TH2. 11 
  12 
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4. Analytical modelling of localized punching 1 
4.1. Punching shear according to the Critical Shear Crack Theory (CSCT) 2 
The design of RC panels and slabs is commonly governed in the ultimate limit state by 3 
punching shear considerations. This type of failure is brittle and is due to the development of 4 
a typical punching cone around the concentrated load. The inclusion of shear reinforcement 5 
increases shear capacity which is commonly used in flat slab-column connections; however, 6 
for localized impacts the exact location of the impact is unknown a priori. Equations for the 7 
design of reinforced concrete flat slabs for punching shear in most existing codes, including 8 
Eurocode 2 [8] are empirically derived from tests under quasi-static conditions. The Critical 9 
Shear Crack Theory (CSCT) developed by Muttoni [9], which fundamentals were developed 10 
in the 80s, presents a physically sounded approach to the determination of the punching 11 
capacity of flat slabs. Ruiz & Muttoni [10] applied the CSCT to flat slabs with shear 12 
reinforcement. Mechanical modelling of the punching shear phenomenon using the CSCT 13 
enables its application to dynamic scenarios as shown by [1]. 14 
The CSCT can be used to predict the punching strength (VR) and slab rotation near the impact 15 
region at failure (parameter   shown in Figure 1c). This is achieved by calculating the 16 
intersection between the shear demand slab rotation response (equation (1) for quasi-static 17 
cases) and the failure criterion (equation (2)) as shown in Figure 7. For slabs with shear 18 
reinforcement, the failure criterion is obtained on the basis of equation (3) which considers 19 
the concrete and shear reinforcement contributions; unlike empirical formulations in [8], 20 
factors  and  in the CSCT depend on the slab rotation and therefore they are not constant 21 
(they are derived implicitly from the theory). 22 
 = 1.5.  .
 . 
		
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In the equations above, b0 is the shear resisting control perimeter (at a distance d/2 from the 1 
edge of the support assuming a uniform distribution of shear forces), d is the shear resisting 2 
effective depth, fc is the compressive strength of concrete, dg is the maximum aggregate size, 3 
dg0 is the reference aggregate size (which has a value of 16mm), rs is the distance from the 4 
axis of the impact to the line of contra-flexure of radial bending moments, fyd is the yield 5 
strength of flexural reinforcement, Es is modulus of elasticity of flexural steel, VR is the shear 6 
demand, Vflex is the shear force associated with the flexural capacity of the slab. 7 
 8 
Figure 7: Application of the CSCT to RC slabs with and without shear reinforcement. 9 
4.2. Dynamic considerations for punching shear 10 
For increasing loading rates, the load carrying capacity of slabs increases whilst the 11 
deformation capacity decreases. The failure mode could also be influenced by the loading 12 
rate; slabs designed to fail in flexure under static loading may fail in punching shear under 13 
increased loading rates. This effect was explained by Sagaseta et al. [11] based on the CSCT 14 
as shown in Figure 8. Though material strain rate effects contribute to the increase in slope of 15 
the load-rotation curve with increasing loading rate, Micallef et al. [1] showed that this effect 16 
was negligible compared to inertial effects. Inertial effects led to the development of a 17 
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reduced effective span (reduced ) at the initial impact loading phase of the slab as shown in 1 
Figure 8b leading to lower values of  according to equation (1) (i.e. stiffer behaviour).  2 
(a)   (b)  3 
Figure 8: Effect of increasing loading rate on (a) failure mode and load-rotation response 4 
according to CSCT, (b) moments during activation of higher modes (after [11]). 5 
Micallef et al. [1] developed an analytical model capable of predicting the global deformation 6 
as well as the time-displacement curve of slab subjected to drop weight impacts. The model 7 
uses the CSCT as its basis with dynamic capabilities incorporated using mass-spring models 8 
to predict the load-rotation response. The analytical model involves a dynamic load-rotation 9 
curve plotted along with a dynamic failure criterion curve. Considering strain-rate dependent 10 
expressions for fracture toughness and aggregate interlock, a dynamic failure criterion were 11 
developed for different values of the strain-rate.  This was carried out by determining the total 12 
shear force that could be transferred by a crack based on a discrete crack model, obtaining the 13 
maximum shear force for each value of the slab rotation. The equations for the failure 14 
criterion for the three strain-rates assessed were: 15 



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Modelling the dynamic flexural response of slabs under drop weight impact was carried out 1 
using a two phased mass-spring-dashpot model based on similar principles to those used by 2 
Delhomme et al. [12]. The two phases comprised of a contact and a post-contact phase as 3 
shown in Figure 9. For each model an equation of motion was developed which defined the 4 
response of the slab system at that phase [1].  5 
 6 
Figure 9: Two-phase model: (a) contact phase; (b) post-contact phase. 7 
The analytical approach described by [1] was applied to tests TH [4] and No. 3 [3]. The 8 
results are summarized in Figure 10 which shows that the predicted load-rotation response 9 
only intersects the failure criterion in slab No. 3 where punching is predicted to occur. These 10 
results are consistent with experimental observations and further validate this approach.  11 
 (a)      (b)    12 
(c)     (d)     13 
Figure 10: Analytical prediction of load-rotation response: (a) TH2 (b) TH6 (c) TH7 (d) No.3 14 
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5. Combined analytical/numerical approach: numerical predictions of load-rotation 1 
response using FE (shell elements) and analytical model for dynamic punching 2 
This paper demonstrates that the occurrence of punching in impact cases can also be 3 
predicted through a combination of numerical and analytical approaches. In the numerical 4 
approach adopted here, the global dynamic flexural response of the slab is obtained by 5 
modelling the impact event using shell finite elements. Shell elements are not able to capture 6 
shear failures, so punching is assessed in this case by finding the intersection of the flexural 7 
load-rotation curve with the dynamic failure criterion obtained analytically. This represents a 8 
novel approach for the assessment of damage developed in RC slabs subjected to drop weight 9 
impact which follows a similar philosophy to the one proposed for quasi-static loading in 10 
Model Code 2010 [13] commonly referred to as “Level of Approximation approach LoA”. 11 
The combined approach proposed herein would correspond to LoA III or IV in [13]. The 12 
advantages of the combined approach over purely numerical approaches include simplicity in 13 
the FE modelling and ease of interpretation of the results. Compared to purely analytical 14 
approaches, the combined approach allows to consider alternative geometries with different 15 
mass distributions allowing to estimate more accurately the activation of higher modes of 16 
deformation. 17 
The proposed combined approach was applied to slab specimens TH2, TH6, TH7 and No.3. 18 
Mesh sizes, mesh aspect ratios, contact details and support conditions adopted were same as 19 
those used in solid models. The shell elements were defined as layered elements 20 
*PART_COMPOSITE with material model *MAT_CONCRETE_EC2 defined in LS-DYNA 21 
for concrete and reinforcement constitutive materials. Material strain-rate effects were 22 
considered in the shell FE analysis through enhanced material properties obtained from 23 
relations provided in Model Code 1990 [14]. Approximated values of strain-rates of around 24 
20s-1 were used which were estimated from the FE using solid elements. 25 
14 
 
Figure 11 shows the time-displacement results for tests TH; FE models incorporating shell 1 
elements in this case gave better predictions of the time-displacement response compared to 2 
FE models with solid elements, although both approaches provided similar results. Figure 11 3 
also shows the experimental and analytical curves for slabs TH2, TH6 and TH7.  4 
(a)      (b)   5 
(c)   6 
Figure 11: Comparison of displacement-time response (a) TH2 (b) TH6 (c) TH7. 7 
 8 
Figure 12: Slab displacements at positive and negative peak values (TH2).  9 
Figure 12 shows the displacement profile of slab TH2 along the width of the slab for the 10 
peak positive and negative displacements. FE with shell elements showed localized 11 
deformations in the contact region which can be unrealistic in some cases (Figure 12), 12 
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although the influence on estimating the slab rotation outside the impact region and hence 1 
punching strength is negligible. In dynamic cases, the load-rotation curve at the contact 2 
phase can be obtained using the concept of “effective length” [1] between point of contra-3 
flexure, rso, as shown in Figure 13 and Figure 14. The points of contra-flexure were 4 
obtained for times before the contact time. Values of 0.36m and 0.08m were obtained for 5 
rso for TH2 and No.3 respectively. At the post-contact phase rs was taken to be half the 6 
span of the slab. Load-rotation curves for slabs TH2 and No.3 are as shown in Figure 13 7 
and Figure 14 respectively. As expected, the load-rotation curve of slab TH2 did not 8 
intersect the failure criterion (punching did not occur) whereas this was not the case for 9 
No.3 where punching was observed experimentally. 10 
(a)    (b)    11 
Figure 13: Combined approach for test TH2: (a) determination of rso based on points of 12 
contra-flexure of moments (b) load-rotation curve and failure criterion. 13 
(a)     (b)   14 
Figure 14: Combined approach for test No.3 (a) determination of rso based on points of 15 
contra-flexure of moments (b) load-rotation curve and failure criterion. 16 
16 
 
6. Conclusions and future work 1 
The study of the structural behaviour of RC panels and slabs under impact loading is relevant 2 
in design against accidental actions. This paper proposes a combined analytical/numerical 3 
approach to predict localized punching of RC panels under drop objects. In this approach, the 4 
dynamic punching shear capacity is obtained in terms of the slab rotation around the impact 5 
region by means of the CSCT. The rotation is obtained from the global response analysis 6 
using SDOF models or FE with shell elements. The purely numerical approach of predicting 7 
punching failure using FE with solid elements provided similar results although this analysis 8 
was highly demanding computationally and required significant work beforehand to validate 9 
the models used. The numerical models confirmed that for impact loading, the reduction of 10 
the effective span due to the activation of higher modes is responsible for the change in mode 11 
of failure (from flexural to punching). The numerical work carried out in this project 12 
provided useful insight of the dynamic punching behaviour which could be extrapolated to 13 
other cases such as flat slab-column connection behaviour under accidental loading or slab 14 
falling from above in progressive collapse situations. 15 
 16 
Acknowledgments 17 
This work is a continuation of a research project which was financially supported by the 18 
Engineering and Physical Sciences Research Council (E.P.S.R.C.) of the U.K. (grant 19 
reference: EP/K008153/1). 20 
  21 
17 
 
Bibliography 1 
[1] Micallef K., Sagaseta J., Ruiz F. and Muttoni A. Assessing punching shear failure in 2 
reinforced concrete flat slabs subjected to localised impact loading. International 3 
journal of impact engineering 71 (2014) 17-33. 4 
[2] CEB. Bulletin 187: concrete structures under impact and impulsive loading. CEB; 5 
1988. 6 
[3] Chen Y. and May I. “Reinforced concrete members under drop-weight impacts”,  7 
Structures and Buildings 162 Issue SB1 (2009) 45-56. 8 
[4] Hrynyk T. and Vecchio F. “Behaviour of steel fiber-reinforced concrete slabs under 9 
impact load”, ACI structural journal, 111 (5) (2014) 1213-1224. 10 
[5] Algaard W., Lyle J. and Izatt C. “Perforation of composite floors”, Proceedings, 5th 11 
European LS-DYNA Conference, Birmingham (2005). 12 
[6] Abu-Odeh A. “Modelling and simulation of bogie impacts on concrete bridge rails 13 
using LS-DYNA”, Proceedings, 10th International LS-DYNA Users Conference, 14 
(2008). 15 
[7] Hrynyk T. “Behaviour and modelling of reinforced concrete slabs and shells under 16 
static and dynamic loads” Unpublished PhD. Thesis, Graduate Department of Civil 17 
Engineering, University of Toronto (2013). 18 
[8] BS EN 1992-1-1 “Eurocode 2: Design of concrete structures- Part1-1: General rules 19 
and rules for buildings”, British Standard Institution (2004). 20 
[9] Muttoni A. “Punching shear strength of reinforced concrete slabs without transverse 21 
reinforcement”, ACI Structural Journal, 105 (4) (2008) 440-450. 22 
[10] Ruiz F. M. and Muttoni A. “Application of critical shear crack theory to punching of 23 
reinforced concrete slabs with transverse reinforcement”, ACI Structural Journal, 106 24 
(4) (2009) 485-494. 25 
[11] J. Sagaseta, A. Muttoni and M. Fernández Ruiz “Towards developing mechanical 26 
punching shear models for flat slabs subjected to impact and blast loading”, 27 
Proceedings of fib International Symposium 2013, Tel-Aviv, Israel, 581-584. 28 
[12] Delhomme F., Mommessin M., Mougin J. and Perrotin P. “Simulation of a block 29 
impacting a reinforced concrete slab with a finite element model and a mass-spring 30 
system” Engineering Structures, 29(11) (2007) 2844-2852. 31 
[13] fib Féderation Internationale du Béton, fib Model Code for Concrete Structures 2010. 32 
Ernst & Sohn: Berlin; 2013. 434p. 33 
[14] Model Code, International Federation for Structural Concrete (fib), Lausanne (1990). 34 
 35 
